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The functions of quinone reductase 2 have eluded researchers
for decades even though a genetic polymorphism is associated
with various neurological disorders. Employing enzymatic stud-
ies using adrenochrome as a substrate, we show that quinone
reductase 2 is specific for the reduction of adrenochrome,
whereas quinone reductase 1 shows no activity. We also solved
the crystal structure of quinone reductase 2 in complexes with
dopamine and adrenochrome, two compounds that are struc-
turally related to catecholamine quinones. Detailed structural
analyses delineate the mechanism of quinone reductase 2 spec-
ificity toward catechol quinones in comparison with quinone
reductase 1; a side-chain rotational difference between quinone
reductase 1 and quinone reductase 2 of a single residue, phenylala-
nine 106, determines the specificity of enzymatic activities. These
results infer functional differences between two homologous
enzymes and indicate that quinone reductase 2 could play impor-
tant roles in the regulation of catecholamine oxidation processes
that may be involved in the etiology of Parkinson disease.

Cytosolic quinone reductases consist of two enzymes termed
quinone reductase 1 (also referred to as QR1,> NQO1, DT-
diaphorase) and quinone reductase 2 (also referred to as QR2,
NQO?2) which catalyze the two-electron reduction of quinones
without the formation of reactive intermediates (1). They play
important roles against oxidative stress imposed by quinones.
Quinone reductase 2 was first described in 1961 (2), although
its biological function has eluded scientists for decades until
recently (3—5). However, quinone reductase 1 has been very
well studied (6). In particular, conclusive evidence points to
QR1 having a protective function for cells against the toxicity of
electrophiles and reactive forms of oxygen. In addition, its
induction protects cells against carcinogenesis. Therefore, QR1
isacknowledged as belonging to the group of enzymes classified
as phase 2 detoxification enzymes.

There are two major classes of quinones: 1,4-quinones (para-
quinones or p-quinones, see Fig. 1) and 1,2-quinones (ortho-
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quinones, catechol quinones or o-quinones). Both classes of
quinones can be derived from oxidation of xenobiotics as well
as endogenous molecules. 1,4-Quinones include vitamin K ana-
logues, such as VK3 (menadione), whereas catechol quinones
include the oxidation products of catecholamines, amino acid
tyrosine as well as estradiols (7, 8).

Although QR2 and QR1 have high sequence and structural
similarities, they possess significantly different catalytic actions
(9). Both QR1 and QR2 can catalyze the two-electron reduction
of p-quinones such as menadione (vitamin K3), only QR1 uses
NADH and NADPH as electron donors. Instead, QR2 can use
N-ribosyldihydronicotinamide (NRH) or a variety of NRH ana-
logues as electron donors in the reduction of quinones in vitro
(see Fig. 1) (10). While NADH and NADPH are electron donors
for a variety of enzymes in various reactions and their biological
metabolism and concentrations are very well characterized,
very little is known about NRH and its related analogues. Thus,
itis still not clear whether NRH is the biological electron donor
for QR2, and the true biological functions of QR2 require fur-
ther investigation despite the significant progresses made (4, 5,
11-13).

In addition to differences in the preference of electron
donors for catalysis, QR1 and QR2 have very different inhibi-
tors. The well characterized inhibitors for QR1, such as dicum-
arol and Cibacron blue, do not significantly inhibit QR2 activity
(3), whereas many natural polyphenols with chemopreventive
properties (14) as well as some polyphenol analogs are strong
inhibitors of QR2 activity (2, 15, 16). Another significant differ-
ence between the functions of QR1 and QR2 is that, even
though animals with gene disruption of either protein exhibit
similar phenotypes, they exhibit opposite properties with
regard to menadione toxicity. Animals with QR2 gene disrup-
tion exhibit increased resistance to p-quinone toxicity, whereas
animals with QR1 gene disruption show increased sensitivity to
p-quinone toxicity (4). Similar differences are observed in cell
lines when menadione is used as well (16). This is an intriguing
paradox, as both proteins exhibit similar catalytic properties
toward menadione reduction in vitro.

Epidemiological studies also demonstrate significant biolog-
ical differences between these enzymes. Genetic polymor-
phisms of the QR1 gene, resulting in the loss or reduction of
QR1 function, are associated with increased susceptibility to a
variety of cancers, chemical toxicity, and drug toxicity (17-23).
In contrast, genetic polymorphisms of the QR2 gene are asso-
ciated with various neurological disorders, such as Parkinson
disease (24, 25), schizophrenia (26), alcohol withdrawal syn-
drome (27), clozapine-induced agranulocytosis (28), and meth-
amphetamine psychosis (29). Two of these studies indicated
that homozygous deletion of the 29-bp sequence in the pro-
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moter region of the QR2 gene resulted in significantly reduced
QR2 mRNA levels in patients (26, 27). Other genetic polymor-
phism resulting in the significant reduction of messenger RNA
levels of QR2 is also associated with clozapine-induced agran-
ulocytosis in schizophrenia patients (28). However, further
investigation is warranted, as an iz vitro transcription assay of
the deletion of the 29-bp sequence in the promoter region of the
QR2 gene showed the opposite effect (30), and another study
conducted in the United States failed to support the association
of QR2 genetic polymorphism with PD (31). Nevertheless, all
these conditions are associated with neurological disorders,
which led to our hypothesis that one aspect of QR2 function
could be the detoxification of oxidative metabolites of neuro-
transmitters, specifically catechol quinones. To test this
hypothesis we conducted enzymatic and structural studies to
compare specificity differences between QR1 and QR2.

EXPERIMENTAL PROCEDURES

Protein Methods—DPurification of QR2 was reported previ-
ously (16). The protocol of QR1 purification was similar to that
of rat QR1 (32). Specifically, coding regions of human QR1
c¢DNA was cloned into pET23d expression vector (Novagen).
Escherichia coli (B121) harboring the construct was cultured in
LB media and induced with 1 mM isopropyl 1-thio-B-p-galac-
topyranoside. Homogenous recombinant QR1 protein was
purified sequentially by Cibacron blue affinity and ion exchange
(Mono Q, GE Healthcare) column chromatographic methods.
The QR2 and dopamine complex crystals were obtained by co-
crystallization of QR2 (20 mg/ml) and 2 mm dopamine (1.6 M
ammonium sulfate, 100 mm HEPES, pH 7.5). QR2-adreno-
chrome complex crystals were obtained by soaking QR2 crys-
tals with 1 mm adrenochrome for 2 h in crystal freezing solution
(1.2 M ammonium sulfate, 30% glycerol) (16).

Crystallographic Analysis—Crystals were frozen in solid pro-
pane in the presence of 30% glycerol as cryoprotectant. Diffrac-
tion data were collected at beamline 19BM (Argonne National
Laboratory) and processed with HKL2000 (33). Crystals
belonged to the space group P2,2,2,. Initial phases were deter-
mined by molecular replacement methods with CNS (34) using
the dimeric QR2 structure (Protein Data Bank code 1QR2) (9).
Dopamine and adrenochrome sites were identified after Fouri-
er-difference transformation. The crystallographic analysis sta-
tistics are shown in supplemental Table 1. The final models
have 95.8% residues in the most favored region, 4% in the addi-
tional allowed region and a proline residue outside the allowed
region. The coordinates and structure factors were deposited at
the Research Collaboratory for Structural Bioinformatics Pro-
tein Data base under the accession codes 2QMY and 2QMZ.

Enzyme Assays—The enzyme activity of QR2 in comparison
with QR1 was determined spectrophotometrically at room
temperature in pH 7.6 buffer (100 mm phosphate buffer, 1 um
FAD, 0.3% Tween 20) with adrenochrome as substrate. Freshly
prepared adrenochrome solution in 5 mm HCI solution was
used. The co-substrates used were N-methyldihydronicotina-
mide (NMN), SUBIOR (1-(carbamoyl)dihydronicotinamide),
or NADH. Because the reduced product of adrenochrome is
extremely unstable and is oxidized back to adrenochrome when
the assay is conducted in the presence of oxygen (35), we meas-
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ured the consumption of the electron-donors NMN, SUB10R,
and NADH by monitoring the reductions of UV absorbance at
360, 350, and 340 nm, respectively. Reactions were initiated by
the addition of 20-30 ng of QR2 or QR1, and catalysis was
monitored with a Unicam UV-visible spectrophotometer for 15
min. For the saturation curve of adrenochrome toward QR2,
the reduction of SUB10R (200 uM) was measured in triplicate
after 4 min with different concentrations of adrenochrome. In
all assays the UV absorbance of each sample containing all the
chemicals in the absence of enzyme was regarded as the back-
ground. This is especially important as reduced nicotinamide
analogs can reduce adrenochrome at moderate rates (36).

RESULTS

Identification of QR2 as a Novel Catechol Quinone Reductase—
QR2 is a member of the FAD-dependent oxidoreductases. It is a
flavoprotein that shares extensive amino acid identity (50%)
with QR1 (9, 37). QR1 has been extensively studied and has a
well established role in detoxification as a member of phase II
detoxification enzymes and consequently plays an important
role in carcinogenesis (38). QR1 and QR2 possess near identical
three-dimensional structures that extend to their catalytic
active sites (supplemental Fig. 1) (9, 16). Both enzymes can effi-
ciently catalyze the reduction of menadione (p-quinone). How-
ever, they differ in the preference of electron donors. QR1 uses
the universal electron donor NADH, whereas QR2 uses
reduced nicotinamide analogues with small 1-substitution
groups. Its in vivo electron donor has not been characterized
and has been assumed to be reduced N-ribosylnicotinamide or
N-methylnicotinamide. However, one common property of
these enzymes is important in that both catalyze a two-electron
reduction of quinones without the formation of reactive inter-
mediates (38).

We previously identified QR2 in a search for the cellular
binding protein for resveratrol and showed that resveratrol was
a potent inhibitor of QR2 activity with a dissociation constant
of 35 nm (16). Because of an association of a QR2 genetic
polymorphism with neurological disorders, we hypothesized
that QR2 might catalyze the reduction of catechol quinones,
the oxidation products of catecholamines that include the
important neurotransmitters dopamine, norepinephrine,
and epinephrine. This had neither been tested nor consider-
ation given to the possibility that QR2 might be a catechol
quinone reductase.

Catechol quinones are extremely unstable, making enzy-
matic studies technically difficult to conduct. However, the
commercially available adrenochrome, the oxidation product
of epinephrine (Fig. 1 for structures), is a cyclized catechol qui-
none that is homologous to catecholamine quinones. The qui-
none moiety of adrenochrome can be reduced to the dihydroxyl
form. However, the reduced form is spontaneously re-oxidized
back to adrenochrome in the presence of oxygen (39). In the
process, electron donors are consumed, providing a basis for a
sensitive assay that allows rigorous kinetic analyses. Therefore,
we analyzed the enzymatic activities of both QR1 and QR2
toward adrenochrome as a representative catechol quinone.
We also used a number of known QR2 electron donors to con-
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FIGURE 1. Chemical structures of relevant molecules.
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FIGURE 2. Comparisons of QR2 and QR1 activities in the reduction of
adrenochrome. A, reduction of adrenochrome using SUB10R as the electron
donor. Progression of the reaction was determined by monitoring the con-
sumption of electron donors, which corresponds to UV light absorbance
decrease at wavelengths around 340 nm. B, NMN was used as the electron
donor. C, when NADH was used as the electron donor, neither QR1 nor QR2
exhibited any activity. D, saturation curve of the reduction of adrenochrome
by QR2 using SUB10R as the electron donor.

duct the reduction of adrenochrome (see Fig. 1 for structures of
electron donors used).

As shown in Fig. 2, A, B, and D, we demonstrate that QR2 is
extraordinarily efficient in the reduction of adrenochrome with
a K, value of 34 um and a catalytic efficiency near diffusion
control limits (k.,/K,, = 10* M~ 's™") when QR2 electron
donors such as 1-methyldihydronicotinamide or SUB10R are
used. When NADH was used as the electron donor, QR2 pos-
sessed no activity for the reduction of adrenochrome (Fig. 2C).
In contrast, QR1 showed no catalytic activity toward adreno-
chrome with any of the electron donors (Fig. 2). Fig. 2B is com-
plicated by the fact that 1-methyldihydronicotinamide is not
stable at pH below 8.0 (3). These findings argue for different
cellular functions of these enzymes despite their structural sim-
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ilarities. The difference in electron donor is also significant, as it
separates QR2 from NADH that is involved in the general cel-
lular redox state.

Structures of QR2 in Complexes with Dopamine and
Adrenochrome—To elucidate a structural basis for the activity
differences between QR1 and QR2, we crystallized QR2 in com-
plexes with dopamine and adrenochrome. QR2-dopamine
crystals were obtained by co-crystallization of QR2 in the pres-
ence of 2 mm dopamine. QR2-adrenochrome complex crystals
were obtained by soaking QR2 crystals with 1 mm adreno-
chrome in the QR2 crystallization solution. Both compounds
structurally resemble catecholamine quinones, and both mole-
cules are similar in structure to dopamine quinone (Fig. 1). The
three-dimensional structures were solved by molecular
replacement methods and refined to 2.1 A for the QR2-dopa-
mine complex and 2.5 A for the QR2-adrenochrome complex
with CNS (34) (supplemental Table 1 for refinement statistics
and Fig. 3, A and B, for electron density maps for both ligands).
Both dopamine and adrenochrome bind to QR2 active sites,
which are formed at the dimer interface (supplemental Fig. 2, A
and B). Both molecules show well defined electron densities in
their respective complexes and have average B-factors of 35 and
44 A? for dopamine and adrenochrome, respectively. The aro-
matic planes of dopamine and adrenochrome are parallel to the
plane of the isoalloxazine ring of co-factor FAD molecules (Fig.
3, Cand D). On the other side of the aromatic rings are hydro-
phobic residues, which include Phe-178, Phe-126, and Ile-128.
The hydrophobic nature of the active sites of both QR1 and
QR2 are well defined in the literature (9, 40).

The relatively narrow nature of the QR2 active sites require
planar substrates and inhibitors (9, 16), which would preclude
aliphatic (1,2)-diketones as substrates. The aromatic nature of
QR2 active site (Trp-105, Phe-106, Phe-178, and Phe-126) also
implies a preference for molecules with multiple conjugated
double bonds, which would add additional 7-electron interac-
tions; catecholamine quinones belong to this class.

Both dopamine and adrenochrome form conserved strong
hydrogen bonds through a water molecule with the main-chain
carbonyl of Gly-174, and the hydrogen-bond lengths are all less
that 3 A. Even though dopamine displays two possible confor-
mations at the active sites (Fig. 3C), the positions of the two
hydroxyls (phenols) do not change. One of the two phenol
groups forms a strong hydrogen bond with the main-chain car-
bonyl of Gly-174 through a water molecule (Fig. 3C). The water
molecule is further held by the formation of another hydrogen
bond with co-factor FAD molecule, rendering the water mole-
cule in the QR2-dopamine complex well ordered with a B-fac-
tor of 26 A2 Therefore, a network of hydrogen bonds among
dopamine, co-factor FAD, the water molecule, and the carbonyl
of Gly-174 help to orient the substrates at the active sites. Fur-
thermore, the hydrogen bond formed between dopamine and
the carbonyl group of Gly-174 through a water molecule
implies that the same hydrogen bond can be formed between
dopamine quinone and Gly-174 even though the ketone oxygen
on quinones lacks hydrogen donors, as water molecule can act
as both hydrogen bond donors and acceptors. The adreno-
chrome occupies a position very similar to dopamine (Fig. 3D),
with one of the two ketone oxygens in adrenochrome forming a
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FIGURE 3. Structures of QR2 in complexes with dopamine and adrenochrome. A, electron density map at
the active sites of QR2-dopamine complex; LDPindicates dopamine (2f, — f,, 1o cutoff). B, electron density map
at the active sites of QR2-adrenochrome complex. Adrenochrome molecule is labeled (2f, — f., 1o cutoff).
C, detailed interaction of dopamine with QR2 at the active site. Dopamine can adopt two conformations (gray
and yellow) at the active site without change in the orientation of the two phenolate groups. One phenolate
group of dopamine forms a strong hydrogen bond with the main-chain carbonyl of Gly-174 through a water
molecule (red dot). The distances indicated are in A. D, adrenochrome (green) forms a strong hydrogen bond

with the carbonyl group of Gly-174 through a water molecule.

hydrogen bond with the carbonyl of Gly-174 through a water
molecule. The two ketone oxygen groups in adrenochrome are
positioned in a manner similar to the two hydroxyls in dopa-
mine at the QR2 active sites.

In comparison with the QR2-menadione complex structure,
both dopamine (yellow) and adrenochrome (red) occupy simi-
lar positions at the QR2 active site as menadione (green) (Fig.
4B), another QR2 substrate. For catalysis to occur, one of the
ketone oxygens has to be positioned on top of the hydride
donor, N5 of the isoalloxazine ring of FAD (40), even though
alternative mechanism was also proposed with other substrates
(41). In the QR2-dopamine complex, the distance between one
of the hydroxyl oxygen is 3.5 A from N5 of FAD molecule (Fig.
4A), whereas in QR2-adrenochrome complex, one of the
ketone oxygen is 3.4 A from N5 of FAD. In the QR2-menadione
complex, one of the ketone oxygens in menadione is also 3.5 A
away from N5 of FAD molecule. All three molecules occupy
similar positions at the QR2 active sites (dopamine in yellow,
adrenochrome in red, and menadione in green). All these data
are consistent with the catalytic mechanism proposed by Li et
al. (40). Comparatively, QR2 may prefer catecholamine quino-
nes as substrates, as there is a potential ionic interaction
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between the protonated amino
groups in catecholamine quinones
with the negatively charged carbox-
ylate side chain of Glu-193 in QR2
(Fig. 4A) even though the distance
between these two groups in the
structure we solved is greater than
optimum for the interaction. How-
ever, in our crystallization condi-
tions we used high concentrations
of ammonium sulfate (1.5-2 M) that
could potentially disrupt the exist-
ing interactions under low ionic
strength conditions. Interestingly,
the carbonyl group of Gly-174 also
plays a critical role in the binding of
resveratrol to QR2 (16), contribut-
ing to the differentiation of QR1 and
QR2 polyphenol inhibitors. In com-
parison with the QR2 inhibitor res-
veratrol (16), the substrates take up
about half of the active site cavity,
whereas the inhibitor occupies the
entire active site (Fig. 4, C and D).
An arrow indicates the exposed car-
bonyl oxygen from Gly-174, which
forms hydrogen bonds with both
substrates and inhibitors.

To determine the substrate spec-
ificity differences between QR1
(Protein Data Bank code 1h69) and
QR2, we aligned the three-dimen-
sional structures of QR1 with QR2
to optimize the overlap of the co-
factor FADs from both proteins.
Most of the active site residues are
conserved between the two enzymes, which would explain their
similar activities toward the reduction of menadione (12). How-
ever, for the reduction of catechol quinones, the critical inter-
action in the QR2-adrenochrome and QR2-dopamine complex
is the hydrogen bond between the substrates and the carbonyl
of Gly-174 through a water molecule. This hydrogen bond
maintains the substrate in an optimum position for its neigh-
boring ketone group (in catechol quinones) to accept the trans-
fer of a hydride from reduced FAD (Fig. 4A4).

In QR2, the critical water molecule is held in position by
hydrogen bonds in a space between the side chains of Phe-106
and Phe-178. In the QR1 structure, however, the side chain of
amino acid Phe-106 is in a more vertical rotation (Fig. 54, QR2
in gray and QR1 in green), making contact with the side chain of
Phe-178 and, thus, forming a continuous hydrophobic area that
renders the Gly-174 carbonyl group buried under a hydropho-
bic surface in QR1. Therefore, the water molecule that is critical
for substrate (catechol quinone) orientation cannot be accom-
modated in the QR1 active site. This can be further illustrated
by the surface presentation of the active sites. In QR2 the Gly-
174 main chain carbonyl is exposed for the potential formation
of hydrogen bonds with ligands (Fig. 5, C and D). In the QR1
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FIGURE 4. Comparisons of dopamine binding with other QR2 substrates and inhibitors. A, the hydrogen
bond between dopamine and the carbonyl group of Gly-174 is critical for holding its neighboring hydroxyl
group situated on top of the isoalloxazine ring of co-factor FAD. The distance between one of the oxygen
atoms in dopamine and N5 of FAD moleculesis 3.5 A, properly positioned for any quinone groups to accept the
potential hydride transfer from FADH,. The amino group of dopamine is 3.9 A from the carboxylate group of
Glu-193. B, dopamine (yellow), adrenochrome (red), and menadione (green) are similarly positioned at the
active sites of QR2. C, surface presentation of the active site of QR2. The red color indicates exposed oxygen
atoms, the blue color indicates exposed nitrogen atoms, and the white (or gray) indicates carbon atoms on the
surface. Dopamine occupies about half of the active site cavity, a deep hydrophobic pocket formed by the
hydrophobic QR2 amino acid side chains and FAD. An arrow (yellow) indicates the exposed carbonyl group of
Gly-174. D, resveratrol (blue), a strong QR2 inhibitor, occupies the entire active site. The exposed carbonyl of

Gly-174 is also critical for the binding of resveratrol.

structure the Gly-174 carbonyl is buried under a hydrophobic
surface, making the formation of the hydrogen bond with any
potential ligands impossible. In fact, the hydrophobic surface
formed by the side chains of Phe-106 and Phe-178 in QR1
would make it energetically formidable for the potential cate-
chol quinone substrates to adopt orientations for catalysis to
occur, as that would require the polar ketone group to make
contact with the hydrophobic surface. The different rotations
adopted by the side-chain of Phe-106 between QR1 and QR2
are the results of different residues adjacent to them (Fig. 5B
and supplemental Fig. 3). In QR2, residue 164 is serine and 167
is phenylalanine, whereas in QR1 they are methionine and iso-
leucine, respectively. The side chains of residue 167 are adja-
cent to the side chains of 106 in both structures. The steric
hindrance of Ile-167 in QR1 forces Phe-106 to adopt a different
rotation from that of QR2. Another residue difference, amino
acid 161, an Asn in QR2 and His in QR1, accounted for the
activity differences for the activation of cancer prodrug CB1954
(42). In conclusion, subtle structural differences at the active
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sites of two very homologous pro-
teins account for their differences of
substrate preference and, hence,
differences in biological function.

DISCUSSION

Dopamine oxidation plays a sig-
nificant role in the etiology of Par-
kinson disease, as the oxidation
products, catechol quinones, are
toxic to neurons (43-45). The
detoxification of catecholamine
quinones by two-electron reduction
was proposed to be QR1 (46). How-
ever, various genetic studies on QR1
association with PD are inconclu-
sive (25, 31, 47, 48). Here we estab-
lished that QR2 is a catechol qui-
none reductase, whereas QR1 is not
active when adrenochrome is
employed as the substrate. Earlier
studies indicated that QR1 was
active in the reduction of amin-
ochrome by monitoring oxygen
consumption; however, the cata-
Iytic efficacy is very limited with a
turnover rate less than 55! (36). In
contrast, this study demonstrates
QR2-catalyzed reduction of adreno-
chrome is near diffusion-controlled
limits, whereas QR1 showed no
detectible activity when catalytic
amount is used. The relatively low
K,, (35 um) value of adrenochrome
toward QR?2 is also a good indica-
tion that QR2 has high affinity
toward catechol quinones.

The specificity of QR2 toward
potential catechol quinones in com-
parison with QR1 is the result of structural differences at the
active sites of both enzymes. The different rotations adopted by
the side chains of Phe-106 are mainly the results of noncon-
served neighboring residues between QR1 and QR2 (supple-
mental Fig. 3), especially residue 167. However, the differences
extend to a number of other hydrophobic residues near 167 that
include 167, 164, 146, and 169 (supplemental Fig. 3C). These
residues are important in the packing of the hydrophobic core
of their respective structures. Therefore, any mutational
attempt to convert QR1 into QR2 in the reduction of catechol
quinones most likely will not be productive.

The catechol quinone structure includes many potential sub-
strates from normal cellular metabolites, including oxidation
products of catecholamines and catechol estrogens. These mol-
ecules play important roles in many biological processes; cat-
echolamines are important neurotransmitters, and estrogen is a
reproductive hormone. Catecholamine oxidation results in the
formation of catecholamine quinones (49, 50), including dopa-
mine quinone and norepinephrine quinone. These quinones
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FIGURE 5. Comparisons of QR1 and QR2 structural specificities. A, structures of QR1 (green) and QR2 (gray)
are aligned so that the FAD molecules overlap. The essential water molecule is in a space formed between side
chains of Phe-178 and Phe-106. The hydrogen bond between dopamine and the carbonyl group of Gly-174
through a water molecule in QR2 would not be possible in QR1 due to the conformation of Phe-106 site chain.
B, the different rotations of the side chains of Phe-106 between QR1 and QR2 are the results of nonconserva-
tions of neighboring residues between these two proteins, especially residues 167 and 164. The steric hin-
drance of lle-167 in QR1 (phenylalanine in QR2) forces Phe-106 to adopt a different rotation in QR1. C, surface
presentation of the QR2 active site according to the exposed elements with oxygen in red, nitrogen in blue, and
carbon in white. The rectangle highlights the exposed carbonyl oxygen of Gly-174. D, surface presentation of
the QR1 active site at the same angle as in C relative to dopamine. The carbonyl oxygen of Gly-174 is buried, as
contrasted with Fig. 3C, highlighted by the rectangle, and therefore is unavailable for hydrogen bond

formation.

are strong electrophiles that can react with sulfhydryl-contain-
ing molecules. Dopamine is especially sensitive to oxidation,
and the process is accelerated by the presence of metal ions,
especially iron, manganese, and copper (51). The oxidative
process can also be catalyzed by a number of enzymes, such
as tyrosinase (52) and prostaglandin H synthase (53).
Dopamine quinone has been reported to modify many sulf-
hydryl-containing proteins. To date, the target proteins
identified include tyrosine hydroxylase (52, 54), dopamine
transporter (55), tryptophan hydroxylase (56), and Parkin
(57). The modification renders these enzymes inactive. The
reactive quinone species are responsible for the toxicity of
dopamine both in cell lines (58) and animal models (43, 59),
leading to cell apoptosis through the induction of p53 and
caspase-3 activation (58).

The implication that QR2 is involved in the detoxification of
catechol quinones is also consistent with genetic studies.
Genetic polymorphisms of QR2 gene are associated with vari-
ous neurological disorders, which include Parkinson disease
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(24, 25), schizophrenia (26, 28),
drug abuse (29), and others even
though a study conducted in a
United States population could not
confirm the same association with
PD (31). On the other hand, conclu-
sive evidence demonstrates poly-
morphisms of QR1 gene are associ-
ated with increased susceptibility to
various cancers (38, 60), whereas
the association with PD is inclusive
(25, 31, 47, 48). Evidently, more
research on these two proteins is
needed on their neurological
functions.

The electron donor preferences
for QR1 and QR2 also have impor-
tant implications. The availability of
NADH implies that QR1 will be
always active, and thus, the reduc-
tion of its potential substrates will
be governed by the enzymatic
kinetic parameters of a particular
substrate. In contrast, the electron
donor for QR2 has yet to be identi-
fied even though it has been sug-
gested to be NRH (61). However,
the availability and concentration of
N-ribosyldihydronicotinamide in
vivo are unknown even though ribo-
sylnicotinamide has been estab-
lished as an essential intermediate
in the nicotinamide-salvage path-
way in yeast (62). Another excellent
electron-donor in vitro for QR2 is
N-methyldihydronicotinamide, the
reduced form of N-methylnicotina-
mide that is formed from nicotina-
mide in vivo by nicotinamide
N-methyltransferase (63). Interestingly, all PD patients have
significantly elevated levels of nicotinamide N-methyltrans-
ferase (64, 65). However, whether the reduced form of N-meth-
ylnicotinamide exists in vivo is not known.

In summary, our results established that QR2 is a catechol
quinone reductase when adrenochrome is used as a model sub-
strate and, thus, could play important roles in the regulation of
the catecholamine oxidation process. Additional studies on the
protein expression levels of QR2 on patients with neurological
disorders could further elucidate the function of this protein in
neurobiochemistry.
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